We investigated the function of major superoxide-generating enzymes after remote ischemic preconditioning (IPC) and hepatic ischemia-reperfusion (IR), with the specific aim of assessing the importance of the most relevant NADPH oxidase (NOX) isoforms, NOX2 and NOX4, in the mechanism of action. Main methods: 60-min partial liver ischemia was induced in Sprague-Dawley rats in the presence or absence of remote IPC (2 × 10-min limb IR), and hepatic microcirculatory variables were determined through intravital video microscopy and lightguide spectrophotometry during reperfusion. Inflammatory enzyme activities (myeloperoxidase (MPO) and xanthine oxidoreductase (XOR)), cytokine production (TNF-α and HMGB-1), liver necroenzyme levels (AST, ALT and LDH) and NOX2 and NOX4 protein expression changes (Western blot analysis) were assayed biochemically. Key findings: In this setting, remote IPC significantly decreased the IR-induced hepatic NOX2 expression, but the NOX4 expression remained unchanged. The remote IPC provided significant, but incomplete protection against the leukocyte-endothelial cell interactions and flow deterioration. Hepatocellular damage (AST, ALT and LDH release), cytokine levels, and XOR and MPO activities also diminished. Significance: Remote IPC limited the IR-induced microcirculatory dysfunction, but the protective effect did not affect all NOX homologs (at least not NOX4). The residual damage and inflammatory activation could well be linked to the unchanging NOX4 activity.
Introduction
The application of repetitive short periods of ischemia, referred to as ischemic preconditioning (IPC), is a well-established approach to the achievement of increased ischemic tolerance in various tissues. Interestingly, remote, inter-organ IPC also confers protection against subsequent ischemia-reperfusion (IR) injury (Koti et al., 2002) . The elements and the sequence of events through which IPC exerts distant beneficial effects have not been fully explored, but adaptation of the gene expression of the cellular redox homeostasis is one of the key protective mechanisms through which a lower degree of radical formation can be attained in the endothelial compartment (Koti et al., 2002; Mallick et al., 2005) . Signaling processes catalyzed by oxygen and nitrogen radical-producing enzymes, including neuronal nitric oxide synthase (nNOS), endothelial NOS (eNOS) and xanthine oxidase (XO) (Abu-Amara et al., 2011; Yuan et al., 2012) , have been demonstrated in the course of defensive action of IPC, and a number of additional data have also established the decisive roles of NADPH oxidases (NOXs) (Wang et al., 2007; Tejima et al., 2007) . With variation in the catalytic subunits, the NOXs comprise 7 family members (NOX1 to NOX5 and DUOX1 and DUOX2), which exhibit tissue-specific differences in their baseline expression (Bedard and Krause, 2007) . In the case of liver parenchyma, NOX2 and NOX4 proteins have been found in hepatocytes, NOX2 predominates in the Kupffer cells, while NOX4 is more abundant in the microvessels (Bengtsson et al., 2003; Ellmark et al., 2005) . Furthermore, the expression of NOX4 is at least 20-fold greater than that of NOX2 in the endothelial cells (Sorescu and Griendling, 2002) , while the expression of NOX2 cannot be detected in the vascular smooth muscle cells (Görlach et al., 2000; Lassègue et al., 2001) .
NOXs are specifically activated by many stimuli that are known to cause an endothelial dysfunction (Anilkumar et al., 2009) , and previous studies have provided evidence of elevated mRNA levels of both NOX2 and NOX4 in response to a liver IR injury (Marden et al., 2008) . Moreover, the mortality rate due to hepatic ischemia was reduced in NOX2-deficient mice (Harada et al., 2004) and the role of the phagocytic form of NOX in Kupffer cells has been demonstrated after preconditioning with a chemical agent that induces hypoxia (Tejima et al., 2007) . Collectively, these data suggest that influencing NOX4 (derived from hepatocytes and/or vascular cells) and NOX2 (produced by phagocytic PMN leukocytes and/ or Kupffer cells) may contribute to the protective mechanism of remote IPC. We therefore hypothesized that the effects of remote IPC can be linked to an alleviated inflammatory reaction in the postischemic hepatic microcirculation associated with NOX2 and NOX4 activation. To address this issue, we set out to investigate the consequences of limb IPC on major intracellular superoxide-generating enzyme systems in a rat model of hepatic IR injury, with special emphasis on changes in expression of NOX2 and NOX4 proteins.
Materials and methods
The experiments were carried out on male Sprague-Dawley rats (Charles River, Sulzfeld, Germany; average weight 300 ± 20 g) housed in an environmentally controlled room with a 12-h light-dark cycle, and kept on commercial rat chow (Charles River, Wilmington, MA, USA) and tap water ad libitum. The experimental protocol was in accordance with EU directive 2010/63 for the protection of animals used for scientific purposes and was approved by the Animal Welfare Committee of the University of Szeged. This study also complied with the criteria of the US National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
Surgical procedures
Anesthesia was induced with a combination of 25 mg ml −1 (S)-ketamine (Ketanest; Parke Davis, Berlin, Germany) and 20 mg ml −1 xylazine (Rompun; Bayer, Leverkusen, Germany) in a ratio of 8:1, injected i.p. and sustained with small supplementary i.v. doses every 30 min. The trachea was intubated to facilitate respiration, and the right jugular vein and carotid artery were cannulated for fluid and drug administration and for the measurement of arterial pressure, respectively. The animals were placed in a supine position on a heating pad to maintain the body temperature between 36 and 37°C, and lactated Ringer's solution was infused at a rate of 10 ml kg −1 h −1 during the experiment.
Before surgery, the fur over the abdomen was shaved, and the skin was disinfected with povidone iodide. After midline laparotomy and bilateral subcostal incisions, the liver was carefully freed from all ligamentous attachments and the liver was exposed and the left branches of the portal vein and the hepatic artery were mobilized. Complete ischemia of the median and left hepatic lobes was achieved by clamping the left lateral branches of the hepatic artery and the portal vein with a microsurgical clip for 60 min. After the ischemic period, the clips were removed and the wound was temporarily covered with water-impermeable foil during the 180-min reperfusion period (Taniguchi et al., 2007) .
Experimental protocols
The experiments were performed in two major series, with the animals randomly assigned to one or another of the following experimental groups. In the first series, we evaluated the microcirculatory consequences of partial hepatic ischemia by using the noninvasive modified spectrometric O2C method (O2C system, see later). In one group, the hepatic microcirculatory responses to 60-min complete ischemia followed by a 180-min reperfusion period were examined (IR group, n = 6). After recording of the baseline microcirculatory variables (t = − 100 min), ischemia was induced in the median and left hepatic lobes. The occlusions were then released (t = 0 min), and the microcirculation in the affected lobes was observed via O2C at t = 60, 120 and 180 min in the reperfusion phase. In another group, 2 cycles of a 10-min complete hindlimb ischemia and 10-min reperfusion was used as a preconditioning trigger before the induction of liver ischemia (remote IPC + IR group, n = 6). Limb ischemia was achieved by placing a tourniquet around the proximal femur, with simultaneous occlusion of the femoral artery with a miniclip (Szabó et al., 2009) . The animals in a third group were subjected to the same surgical procedures, except for the induction of liver or limb ischemia (Sham group, n = 6). Blood samples for biochemical determinations were taken at t = 0, 60, 120 and 180 min of the experiments. Tissue biopsies for enzyme activity and Western-blot analyses were taken at the end of the experiments. Tissue biopsies were stored at −80°C, and plasma samples at −20°C before later analysis.
In the second series of experiments, the groups (n = 6 each) and the protocols were identical with those in the first series, with the exception that the microcirculation in the affected liver lobes was investigated by means of intravital video microscopy (IVM, see later) at t = 60 min in the reperfusion phase.
Modified lightguide spectrophotometry (O2C) device
We used the O2C system (LEA Medizintechnik, Gieβen, Germany) for noninvasive and online examination of the microcirculation, which allows the simultaneous recording of tissue oxygen saturation (S O 2 percentage, absolute value), tissue hemoglobin (rHb, AU), capillary blood flow (AU) and capillary blood flow velocity (RBCV, AU). The O2C device combines white light spectroscopy with laser-Doppler measurement in one flat probe. To prevent the influence of regional heterogeneity and temporal blood flow variations, measurements were performed at three predetermined locations on the liver surface for 30 s each (Schreinemachers et al., 2009 ) with an ambient light correction before measurement.
IVM
Polymorphonuclear (PMN) leukocytes of individual vessels were examined by means of conventional fluorescence IVM (Zeiss Axiotech Vario 100HD microscope, 100 W HBO mercury lamp, Acroplan 20 × water immersion objective), using in vivo fluorescence labeling. The posterior surface of the left liver lobe was exteriorized and placed on a specially designed pedestal, providing a suitable horizontal plane (Ábrahám et al., 2008) . PMNs were stained in vivo by means of rhodamine-6G (Sigma, St. Louis, MO; 0.2%, 0.1 ml, i.v.). The microscopic images were recorded with a charge-coupled device video camera (AVT HORN-BC 12) attached to a personal computer. The microcirculatory parameters were assessed off-line by frame-to-frame analysis of the recorded images, using image analysis software (IVM, Pictron Ltd., \Budapest, Hungary). The microcirculatory inflammatory reaction was assessed by calculating the number of rolling and sticking PMN leukocytes within 5 central acinar venules (diameter between 20 and 40 μm) per animal (Ábrahám et al., 2008) . Rolling leukocytes were defined as cells moving at a velocity less than 40% of that of the erythrocytes in the centerline of the microvessel passing through the observed vessel segment within 30 s, and their number was given as the number of non-adherent leukocytes per second per vessel circumference. Adherent leukocytes (stickers) were defined in each vessel segment as cells that did not move or detach from the endothelial lining within an observation period of 30 s, and are given as the number of cells per mm 2 of endothelial surface.
Xanthine oxidoreductase (XOR) activity
Tissue biopsies were homogenized in phosphate buffer (pH 7.4) containing 50 mM Tris-HCl, 0.1 mM EDTA, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 μg ml −1 soybean trypsin inhibitor and 10 μg ml −1 leupeptin. The homogenate was centrifuged at 4°C for 20 min at 24,000 g and the supernatant was loaded into centrifugal concentrator tubes. The activity of XOR was determined in the ultrafiltered supernatant by fluorometric kinetic assay based on the conversion of pterine to isoxanthopterine in the presence (total XOR) or absence (XO activity) of the electron acceptor methylene blue (Beckman et al., 1989) .
Myeloperoxidase (MPO) activity
Tissue MPO activity was measured in liver biopsies by the method of Kuebler et al. (1996) . Briefly, the tissue was homogenized with Tris-HCl buffer (0.1 M, pH 7.4) containing 0.1 M polymethylsulfonyl fluoride to block tissue proteases, and then centrifuged at 4°C for 20 min at 24,000 g. The MPO activities of the samples were measured at 450 nm (UV-1601 spectrophotometer; Shimadzu, Japan), and the data were referred to the protein content.
TNF-α and HMGB1 levels
Blood samples (0.5 ml) were taken from the carotid artery into precooled DTA-containing polypropylene tubes. Samples were centrifuged at 1000 g for 30 min at 4°C, and then stored at − 70°C until assay. Plasma TNF-α and HMGB1 concentrations were determined with commercially available enzyme-linked immunosorbent assays (Quantikine Ultrasensitive ELISA kit for rat TNF-α; Biomedica Hungaria Kft, Hungary and Shino-Test Corporation ELISA kit for HMGB1; Kanagawa, Japan).
Western blot analysis of NOX2 and NOX4
Liver samples were homogenized and then lysed with RIPA buffer (Santa Cruz Biotech). Protein extracts (20 μg of total protein) were heated at 95°C for 10 min, then placed in ice to cool, electrophoresed in 4-15% gradient sodium dodecyl sulfate-polyacrylamide gels, and transferred onto nitrocellulose membranes (Millipore). Membranes were blocked with Tris-buffered saline (TBS) and 5% skim milk at room temperature for 1 h prior to overnight incubation at 4°C with primary antibodies against gp91phox (1:2000 dilution; Epitomics, Burlingame, CA, USA), and NOX4 (1:2000 dilution; Epitomics, Burlingame, CA, USA). After washing with TBS-T, membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugate-corresponding secondary antibodies (anti-rabbit, 1:2500 dilution; Promega, Madison, WI, USA). The membranes were then developed with the SuperSignal West Pico horseradish peroxidase substrate kit (Pierce, Rockford, IL, USA) and intensities of protein bands were quantitated and photographed on a Lumi-Imager™ (Roche-Diagnostics, Boehringer Mannheim, Germany) image station. For the control of sample loading and protein transfer, the membranes were stripped and reprobed with β-actin antibody (1:1000 dilution; Sigma-Aldrich, St. Louis, MO, USA).
Liver transaminase (AST, ALT and LDH) release
Blood samples withdrawn from the carotid artery were analyzed for aspartate-aminotransferase (AST), alanine-aminotransferase (ALT) and lactate-dehydrogenase (LDH) by standard photometric procedures (Vitros 250 analyzer, Ortho-Clinical Diagnostics, Raritan, NJ).
Statistical analysis
Data analysis was performed with the SigmaStat statistical software (Jandel Corporation, San Rafael, CA, USA). Changes in microcirculatory parameters and liver enzyme activities between groups and within groups were analyzed by two-way ANOVA, followed by the Bonferroni test. For the evaluation of biochemical assays and ELISA data, changes in variables between groups were analyzed by one-way ANOVA on ranks, followed by the Holm-Sidak test. Western blot data were analyzed with no normal distribution with the Mann-Whitney test. P values b 0.05 were regarded as significant.
Results

Microcirculatory changes
Modified lightguide spectrophotometry
The microhemodynamic parameters, capillary blood flow, capillary blood flow velocity (RBCV), tissue oxygen saturation (S O 2 ), and tissue hemoglobin content (rHb) were assessed simultaneously and on-line in the left liver lobes (Fig. 1) . Reperfusion after 60-min ischemia was not associated with significant changes in intrahepatic blood flow (Fig. 1A) as compared with the Sham group. When IR was preceded by remote IPC, however, the postischemic hepatic blood flow was significantly higher than the pre-ischemic values throughout the examination period. The RBCV in the IR group was significantly lower during reperfusion in comparison with the pre-ischemic values, and no recovery was observed during the examination period (Fig. 1B) . Remote IPC, however, reversed the RBCV changes to the level measured in the Sham group. Taken together, the flow and velocity changes caused by the 60-min partial ischemia were manifested in deteriorated levels of tissue S O 2 and rHb, which were restored by the remote IPC protocol (Fig. 1C, D) .
Fluorescent IVM data
Due to the lack of selectin molecules in the post-sinusoidal endothelium, "classical rolling" cannot be observed, but the number of PMNs exhibiting the rolling phenomenon could nevertheless be determined in the central venules. Liver IR was accompanied by an approximately 4-fold increase in the number of rolling leukocytes relative to that of the sham-operated animals ( Fig. 2A) . In accordance with this, the number of sticking cells also displayed a significant increase in response to liver IR (Fig. 2B) . Remote IPC resulted in significant improvements in both forms of cell-to-cell interactions.
Inflammatory enzyme (MPO and XOR) levels
The PMN deposition analyzed via the MPO activity was increased significantly 180 min after the ischemia, together with the XOR activity, which was elevated approximately 2-fold as compared with the shamoperated group. Remote IPC applied prior to the partial liver IR insult reduced the MPO and XOR activities almost to the sham-operated levels (Fig. 3A, B) .
Plasma HMGB1 and TNF-α levels
Following 60-min partial liver ischemia, significantly increased HMGB1 and TNF-α levels were observed at 180 min of the reperfusion period (Fig. 4A, B) . The IR-induced elevations of the plasma HMGB1 and TNF-α were effectively attenuated by remote IPC (Fig. 4A ).
NOX2 and NOX4 protein expression
Western blot analysis of the NOX2 and NOX4 proteins revealed significant increases after partial liver IR in comparison with the shamoperated animals. The application of remote IPC before IR decreased the expression of NOX2 significantly (Fig. 5A ), but did not affect the level of NOX4 expression (Fig. 5B) .
Hepatic enzymes in the plasma
The animals in the sham-operated group displayed minimally increased necroenzyme levels throughout the experimental protocol as compared with the baseline values. In comparison, the IR group exhibited significantly higher AST, ALP and LDH activities during the reperfusion period, indicating significant functional damage. When the remote IPC protocol preceded liver IR (remote IPC group), the plasma levels of necroenzymes were significantly reduced in comparison with the IR group (Fig. 6 ).
Discussion
The major aim of this study was to investigate the effects of remote IPC after partial liver IR on enzymes that generate intracellular reactive oxygen species (ROS). The scope of this project was narrowed down to the most likely ROS-producing sources, and we focused on the most relevant isoforms, NOX2 and NOX4, whose roles in the mechanisms of IR damage or IPC have already been implicated. A partial hepatic ischemia model was used to evaluate the effects solely in response to IR, excluding poorly tolerated mesenteric congestion with the concomitant mediator release and deterioration of the systemic hemodynamics (Vollmar et al., 1994) . We previously characterized the microcirculatory effects of IPC achieved by using 2 cycles of complete hindlimb ischemia on IR-induced periosteal microcirculatory derangement and systemic inflammatory responses (Szabó et al., 2009) . As beneficial local effects were observed, the identical protocol was utilized to investigate the consequences of limb IPC on IR-induced inflammatory responses in a distant organ, and our study clearly demonstrated the microcirculatory benefits of remote IPC. The IR-related increases in the levels of necroenzymes and inflammatory cytokines were ameliorated and the activities of potential sources of ROS production, i.e. XOR, MPO and NOX2, were significantly reduced. The most interesting finding, however, was that the enhanced NOX4 expression was not influenced by remote IPC.
There are several possible explanations of this result. Firstly, the present findings are consistent with those of other research, which revealed that IPC inhibits the effects of mediators involved in the microcirculatory dysfunction, including ROS (Cutrn et al., 2002; Jabs et al., 2010) . The main cellular sources of ROS generation in the blood vessels are the NOXs in the smooth muscle cells (Griendling et al., 2000) , endothelial cells (Bayraktutan et al., 2000) and adventitial fibroblasts (Pagano et al., 1998) . Among the NOX homologs, NOX4 has been reported to be the main isoform in the vascular cells (Bengtsson et al., 2003; Ellmark et al., 2005) , although the expression of NOX2 or even NOX1 has also been demonstrated. Enhanced NOX4 activity has been implicated in the development of various cardiovascular pathologies, because NOX-derived superoxide rapidly reduces the bioavailability of endothelium-derived NO, thereby promoting vasoconstriction and enhancing the vascular resistance (Dusting et al., 1998; Zicha et al., 2001) . Nevertheless, NOX4 within the vessel wall generates a low level of ROS continuously, even in the absence of extrinsic stimulation, and unlike phagocytic NOXs, is involved in physiological vascular processes such as maintenance of the vascular tone, regulation of the endothelium-dependent vasodilator function, oxygen sensing and modulation of the redox-sensitive signaling pathways (Dworakowski et al., 2008; Cave et al., 2006) . Moreover, endothelial NOX4 acts as a constitutive endothelial generator of H 2 O 2 , which positively affects the vascular function, linked to signaling events that promote vasodilatation and cell protection (Dikalov et al., 2008; Takac et al., 2011) . The exact factors determining the action of NOX4 in producing superoxides or H 2 O 2 are unclear, but in overexpression systems NOX4 releases predominantly H 2 O 2 (Ray et al., 2011) . Additionally, molecular mechanisms implicated in NOX4 vasoprotection include the activation of eNOS and the increased production of NO, and the increased expression of antioxidant systems such as Nrf-2 (Schröder et al., 2012) . Indeed, a significant decrease in myocardial infarct size was recently observed in NOX2-and NOX1/NOX2-, but not in NOX4-deficient mice (Braunersreuther et al., 2013) . Thus, data are accumulating concerning a Janus-faced mechanism by which NOX4 can protect or cause harm to the circulatory system (Schmidt et al., 2012) and, if a defensive action of Fig. 1 . Changes in hepatic microcirculatory variables. The animals were sham-operated (Sham group, white columns) or subjected to 60-min partial hepatic ischemia followed by 180 min of reperfusion (IR group, black columns), or 2 cycles of 10-min complete hindlimb ischemia followed by a 10-min reperfusion period was applied as a preconditioning trigger before liver ischemia (remote IPC + IR group, striated columns). A. Capillary blood flow (given in arbitrary units, AU), B. velocity in the capillaries (RBCV, given in AU), C. tissue oxygen saturation (S O 2 , given in %), D. tissue hemoglobin (rHb, given in AU). Data are presented as means ± SEM. *P b 0.05 vs baseline; #P b 0.05 vs Sham group (two-way ANOVA, Bonferroni test).
NOX4 activity is possible, it could be hypothesized that the potentially vasoprotective characteristics of NOX4 could, at least in part, explain the ineffectiveness of remote IPC in reducing the IR-related NOX4 expression.
Another possibility is that the influence of IPC is not universally effective, in consequence of the different sensitivities of the various target genes and enzymes. The remote IPC provided significant, but incomplete protection, and the residual damage and IR-induced inflammatory activation could therefore well be linked to the unchanging NOX4 activity. In this sense, the effect of IPC does not extend to all homologs (at least not to NOX4). Recent findings suggest that, unlike other ROS-generating NOXs, the tightly-assembled active conformation of NOX4 cannot be disrupted by conventional means, because the membrane-bound subunit does not require interaction with the cytosolic subunits (Csányi and Pagano, 2013) .
Previous studies demonstrated that the beneficial effect of IPC extends to reducing the adherence of PMNs to the ischemic-reperfused sinusoidal endothelium, attenuating the PMN-mediated endothelial dysfunction, and limiting leukocyte accumulation in the postischemic liver tissue (Yuan et al., 2005) . In accordance with these observations, the influx of activated PMNs into the postsinusoidal venules was observed in the present model, and as a result of remote IPC, the extent of rolling and sticking of the leukocytes was significantly reduced in the central venules. The mechanisms underlying PMN trafficking after IR and remote IPC can be explained in terms of several pathways leading to a modified adhesion molecule expression. The characteristic of the hepatic sinusoidal endothelium may contribute to leukocyte trapping: non-classical rolling and mainly vascular adhesion molecule-1 (VCAM1)-mediated strong adhesion occur in response to inflammation (Lee et al., 2004) . NOXs have been shown to be particularly involved in regulating VCAM1 expression through TNF-α release (Cayatte et al., 2001 ). When applied in vitro, S17834, a flavonoid NOX inhibitor, directly repressed the vascular NOX activity, and it reduced TNF-α-stimulated VCAM, ICAM-1 and E-selectin expression in vivo (Cayatte et al., 2001) . Further, the lower degree of ROS formation after remote IPC partially produced by NOXs can also be linked to reduced adhesion molecule expression. Via mineral corticoid receptor activation, aldosterone induced adhesion molecule expression also involves activation of the NOXs (Hashikabe et al., 2006) . Moreover, LPS induces the expression of surface adhesion molecules through the activation of TLR4, which has been shown to be involved in the NOX-dependent activation of NF-κB (Park et al., 2006) .
The activity of MPO, the commonly used index of PMN priming and activation (Yuan et al., 2005) , further strengthened our IVM observations. As shown in the present study, the activity of MPO is significantly correlated with the number of visualized PMNs. This observation is in agreement with a previous report that accumulated PMNs were positively correlated with the development of hepatocellular damage after IR (Yuan et al., 2005) . Upon activation, the prototypic isoform NOX2 has been proven to be responsible for the superoxide generation of PMNs (Babior, 1999) . This isoform, also referred to as "respiratory burst oxidase", was first described in PMNs as the starting point of ROS production (Babior, 1999) . The effects of NOX2-derived ROS and proteases released from activated PMNs in promoting cell death in the liver have been widely documented (Yuan et al., 2005; De Minicis et al., 2010) . In the present study, remote IPC attenuated both arms of PMN-related injury: it lowered the PMN priming/MPO activity and reduced the expression of NOX2. This is in accordance with previous observations where preconditioning was induced via NOX2 in ischemic brain, myocardium and endothelial cells (Kawano et al., 2007; Milovanova et al., 2008; Thirunavukkarasu et al., 2012) . Cellular ROS (superoxide and H 2 O 2 ) are now well recognized as playing an integral role in several growth factors and cytokine signal transduction pathways (Lander, 1997) and serve as second messengers for cellular tyrosine kinase signaling (Goldstein et al., 2005) . NOXs appear to be especially involved in redox signaling because they are the only enzymes (among the many intracellular sources of superoxide formation) whose primary function is to generate ROS (Lambeth, 2004) . The tissue specificity and difference in catalytic subunits offer an opportunity for the development of NOX inhibitors that do not compromise the essential physiological signaling and phagocytic functions carried out by ROS.
In this study, remote IPC significantly attenuated systemic cytokine release. It has previously been shown that NOX-mediated ROS production has a major role in the ischemia-induced inflammatory responses involving activation of the NF-κB (Dworakowski et al., 2008) . TNF-α and HMGB1 have a common NF-κB-dependent transcription; both are involved in inflammatory responses (Dworakowski et al., 2008; Kamo et al., 2013) . Moreover, hepatocytes have been demonstrated to produce TNF-α in a NOX-dependent manner following hypoxia-reoxygenation and liver IR (Spencer et al., 2013) . The relationship between TNF-α and HMGB1 expression and ROS production is bidirectional: TNF-α and HMGB1 are involved in regulating the expression of cytokines and other mediators that participate in acute inflammatory responses, many of which are associated with the increased generation of ROS (Kamo et al., 2013) . On the other hand, oxidative stress has been reported to up-regulate the expression of cytokines that promote inflammatory responses during reperfusion. These antigen-independent responses interact and amplify each other, finally leading to impaired microhemodynamics, functional and structural cell damage, and remote or systemic inflammatory complications.
Conclusions
Remote IPC exerted marked protection against the potentially detrimental microcirculatory consequences of hepatic IR. This accords with the lower levels of generation of inflammatory mediators, preserved liver blood flow and oxygenation. The signs of PMN activation and the induction of NOX2 were likewise weaker, but in contrast with expectations, the expression of NOX4, the main vascular NOX isoform, was not attenuated. Several questions remain unanswered, but further characterization of "ischemia-specific" enzymatic sources may lead to the preventive targeting of oxido-reductive stress, rather than the scavenging of ROS after they have been formed.
